Understanding phase changes, including their formation and evolution, is critical for the performance of functional as well as structural materials. We analyze in detail microstructural and chemical transformations of the amorphous steel Fe 50 Cr 15 Mo 14 C 15 B 6 during isothermal treatments at temperatures ranging from 550 to 800°C. By combining high-resolution transmission electron microscopy and Rietveld analyses of X-ray diffraction patterns together with the local chemical data obtained by atom probe tomography, this research provides relevant information at the atomic scale about the mechanisms of crystallization and the subsequent phases evolution. During the initial stages of crystallization a stable (Fe,Cr) 23 (C,B) 6 precipitates as well as two metastable intermediates of M 3 (C,B) and the intermetallic v-phase. When full crystallization is reached, only a percolated nano-scale Cr-rich (Fe,Cr) 23 (C,B) 6 and Mo-rich g-Fe 3 Mo 3 C structure is detected, with no evidence to suggest that other phases appear at any subsequent time. Finally, the corrosion behavior of the developed phases is discussed from considerations of the obtained atomic information.
Introduction
The microstructure and performance of materials are strongly linked to each other, hence understanding transformations such as precipitation or crystallization is essential for advanced materials design. The production of amorphous/crystalline composites (ACCs) or fully crystalline alloys from metastable metallic glasses by controlled crystallization presents a broad potential in the processing or improvement of new materials and nanostructures. Crystallization towards ACCs or fully (nano-)crystalline states determines the transition away from the original properties of the amorphous alloy [1, 2] since mechanical [3] , magnetic [4] or chemical [5] properties critically depend on this specific structural state. For example, the precipitation of isolated crystalline particles below 50 nm size enhances the properties of Fe-based soft magnetic alloys [6] [7] [8] . Even in the amorphous state, embrittlement is induced after annealing close to the glass transition temperature, which has been associated to structural relaxation effects [9] . Also, as recently reported by our group, the often very good corrosion resistance of Fe-based metallic glasses may be compromised after partial or complete alloy crystallization [10] . Therefore, the characterization and understanding of microstructural changes during the devitrification process and their relationship with the performance of the alloy are key issues to design new functional materials with a tailored microstructure [6] [7] [8] 11] or to avoid the unwanted deterioration of the compound's original properties [11, 12] .
Among metallic glasses, bulk Fe-based amorphous alloys [13] , also referred as amorphous steels, have drawn special interest, for instance owing to their excellent soft magnetic properties [6] [7] [8] 14] . In addition to the quest for higher glass forming ability, soft magnetic properties, fracture strength [15] and corrosion resistance [16] , recent developments allowed the preparation of amorphous steels at low cost by using industrial ferrous alloys [17] , making them suitable also as structural materials. Metallic glasses are unstable at high temperatures and they may form intermediate metastable phases as the temperature rises to finally crystallize to stable structures. Hence, to have detailed information for predicting and controlling the crystallization process to achieve the optimum microstructure for a specific property is essential. Published studies deal with kinetics of crystallization or the effects of annealing on specific properties. Few of these works follow the full crystallization process, mainly by X-ray diffraction (XRD) [14] . However, there is a clear lack of detailed evidence on the changes of the local chemical or compositional states of the occurring phases during de-vitrification.
With transmission electron microscopy (TEM) the local structure of a material is experimentally accessible, even at small length scales. The local, near-atomic-scale chemical composition is, in contrast, much harder to quantify. Atom probe tomography (APT) provides atom-by-atom threedimensional chemical information with sub-nm localization and has grown into a widely available method [18, 19] . In particular, for nano-scale morphologies such as nanocrystalline materials and interfaces, the high-resolution chemical information provided by APT becomes an important tool for understanding materials performance such as mechanical or corrosion behavior [20] [21] [22] [23] [24] .
We present here a detailed study of the crystallization and phase evolution of the Fe 50 Cr 15 Mo 14 C 15 B 6 [25] amorphous alloy. The structural characteristics are obtained by TEM and XRD, while APT provides the associated chemical information. Finally, an insight into corrosion properties is presented in correlation with the observed microstructural and chemical changes of the alloy.
Experimental
Amorphous ribbons 2-3 mm in width and $40 lm in thickness of nominal composition Fe 50 Cr 15 Mo 14 C 15 B 6 (all compositions given in this paper are in at.%), were produced by melt spinning at a speed of 40 m s À1 [26, 27] in a Melt Spinner SC from Edmund Bü hler GmbH. The master alloy was prepared by arc melting the constituent metals with purity greater than 99.9% in a purified Ti-gettered argon atmosphere. Phase transformations were monitored as changes in heat flow by differential scanning calorimetry (DSC) in a NETZSCH 404F3 instrument at a heating rate of 0.33°C s À1 . Thermal annealing was carried out inside quartz tubes with Ar atmosphere at 550, 610, 620, 650, 670, 720 and 800°C for 20 min, in a furnace from Heraeus Instruments. After annealing, the specimens were taken out of the furnace and cooled at room temperature.
TEM specimens were prepared using a Gatan Precision Ion Polishing System 691 (PIPS) operated at 5 kV. Additional samples, not included here, were prepared from the amorphous and the fully crystallized alloys near the edge of the ribbon, by focused ion beam, showing a similar behavior as the central part prepared by PIPS. TEM was performed using a JEOL JEM-2200FS operated at 200 kV. Images with a high atomic number contrast were acquired using a high angle annular dark field (HAADF) detector in scanning mode (STEM). Average grain size values were calculated from the STEM images using a statistical analysis over more than 200 grains measured for each annealing temperature.
XRD measurements were carried out in a Bruker AXS diffractometer equipped with an X-ray Cu tube (Cu Ka, k = 0.1541 nm). XRD patterns were collected over a 2h range from 20°to 110°with a step width of 0.05°and a counting time of 5 s per step. Phase identification was done using the JCPDS database and the DIFFRACplus EVA software by Bruker AXS. Quantitative phase-composition analyses by the Rietveld method were used for the XRD data refinement with the version 4.2 of the Rietveld analysis program TOPAS (Bruker AXS). As X-ray powder diffraction is sensitive only to crystalline materials, any amorphous component of a sample is not considered and included in the background of the Rietveld analysis. The pseudo-amorphous approximation was then used to model the contribution of the amorphous part of the sample in the refinement [28] . The amorphous phase was considered then as a crystalline one by using the crystallographic information of the cubic M 23 (C,B) 6 [29] , and decreasing the crystallite size down to $1 nm.
The crystalline structures used in the Rietveld refinement and TEM diffraction analyses were an appropriated combination of the carbide M 6 C, the borocarbides M 23 (C,B) 6 and M 3 (C,B), and a ternary Fe-Cr-Mo intermetallic. The M 6 C carbide (g-Fe 3 Mo 3 C), generally referred as g-carbide, is a face centered cubic structure (space group Fd-3m) with 112 atoms in the unit cell [30] . M 23 (C,B) 6 crystallizes in a cubic face-centered structure (space group Fm-3m) [29] while M 3 (C,B) corresponds to the orthogonal system (space group Pnma) [31] . The ternary v-phase, also called s 1 phase [32] , is a considerably non-stoichiometric intermetallic compound of proposed composition Cr 6 Fe 18 Mo 5 . The v-phase crystallizes in a body centered cubic (bcc) system similar to a-Mn (space group I4-3m). The unit cell consists of 58 atoms distributed on four sublattices with 2, 8, 24 and 24 atoms on each. One of the 24 atom sublattice has a tetrahedrally coordinated shell with 13 neighbors, which distinguishes the v-phase from other topologically close-packed phases [33, 34] .
APT measurements were performed using a local electrode atom probe, Imago LEAPe 3000X HR in voltage mode at 200 kHz pulse frequency, with a pulse fraction of 15%, a detection rate of 0.5% and a specimen base temperature set to 60 K. The specimens were prepared using a FEI Helios Nanolab 600 dual-beam focused ion beam system as described in Refs. [35, 36] . A final milling of the tip was done at low ion energies of 5 kV to minimize Ga implantation. To ensure reproducibility of the data, different regions from different samples were prepared, including thin needle shaped by-products of the ribbons. The reconstructed tips show a negligible Ga content in the regions of interest. A distribution analysis for every element in the alloy in the amorphous state was performed. The statistical analysis is made by using the chi-square distribution that measures the divergence of the observed data from the values that would be expected in a binomial distribution. The chi-square distribution with k degrees of freedom is the distribution of a sum of the squares of the X i , k independent and normally distributed random variables, with means l i and standard deviation r i , and its expression can be reduced as:
A low reduced chi-square value indicates a high probability of a normal distribution, meaning that the elements are distributed randomly. The chi-square distribution is associated with the P-value, which is a measure of how much evidence there is to reject a result of the data set. A P-value of 0.05 or less is usually regarded as statistically significant. Additionally, an iterative process based on iso-concentration surfaces was used to evaluate the composition of the different phases formed in the annealed samples. The regions of interest were clipped and isolated to analyze their respective mass spectra. Proximity histograms were calculated to generate concentration profiles across the selected interfaces [37] . Finally, cylindrical regions were cut out from the full reconstructions for better visual clarity. Electrochemical measurements using a scanning droplet cell were performed in a capillary three-electrode setup with a gold counter electrode and a micro Ag|AgCl reference electrode [38] . The diameter of the circular wetted area was 374 lm
2 . The open circuit potential was stabilized for 100 s in aerated 0.1 M HCl aqueous solution followed by linear polarization in the positive direction starting at 0.3 V with a potential scan rate of 2 mV s À1 at ambient pressure and temperature. All potentials were referred to the standard hydrogen electrode (SHE). Additional galvanostatic polarization was performed on amorphous and annealed samples close to the breakdown potential for 2000 s. Prior to the electrochemical tests, all the samples were ion milled for 5 min at a tilting angle of 70°to remove the surface oxide layer, in a Gatan 682 Precision Etching Coating System (PECS) with argon ions at 5 keV. Suprapure HCl was used to prepare the acid electrolytes, while Cr and Mo foils, used for comparison, were obtained from Goodfellow with a purity higher than 99.99%.
Sample cross-sections were observed in a field emission scanning electron microscope (FE-SEM), Leo 1550 VP. The cuts were made in a cross-section polisher (Hitachi IM4000) using a beam energy of 6 keV and swing angle of ±30°.
Results

Microstructure
The characteristics of the Fe 50 Cr 15 1 green for Fe, blue for Cr, red for Mo, purple for C and yellow for B. A fully homogeneous amorphous state is also quantitatively supported by the distribution analysis shown in Fig. 1e , where the experimental distribution follows a binomial form. The confidence chi-square values were close to the unity with large P-values for the statistical calculations, indicating a perfectly random mix of the elements. The average bulk composition calculated from the APT mass spectra is 46.3% Fe, 15.3% Cr, 17.4% Mo, 14.3% C and 6.8% B. Although the general composition is close to the nominal one, some deviations are observed mainly due to an over-quantification of Mo and B, with a consequent decrease in the Fe concentration. These deviations were possibly related to the different evaporation fields of the individual elements within the alloy, leading to preferential field evaporation or retention, peak overlaps in the mass spectra and a high number of multiple events at the detector. After determining the optimum experimental parameters, they were used for all the samples to allow reproducibility and consistency in the chemical quantification of the different sample states.
DSC analyses served as an indicator of the transformations undergone by the alloy during heating. At a heating rate of 0.33°C s À1 the measured glass transition temperature was T g = 550°C, the onset of the first and second crystallization temperatures were T x1 = 602°C, T x2 = 641°C and the melting temperature T m = 1112°C. Crystallization of the amorphous ribbons was then induced by thermal annealing close to these values.
Selected TEM results in Fig. 2 exemplify different crystallization stages after heat treatments at 550, 610, 620 and 800°C for 20 min. Annealing close to the glass transition temperature (T g = 550°C) generates chemical segregation that is visible as contrast variations in the HAADF STEM image (Fig. 2a) . Here, the atomic contrast highlights regions of $3 nm in diameter and a few larger ones of $9 nm. However, this observed chemical heterogeneity is not yet related to crystallization as deduced by the corresponding diffuse rings in the selected area diffraction pattern (Fig. 2b ). After annealing above the first crystallization temperature, T x1 = 602°C, the resulting microstructure is a multiphase composite formed by different crystalline phases embedded in an amorphous matrix. At 610°C two crystalline signatures emerge from the amorphous rings. The diffraction patterns at this temperature can be assigned to the ternary intermetallic Fe-Cr-Mo, known as v phase (identified by the (1 1 4) and (1 2 7) crystallographic planes as yellow dotted rings in Fig. 2b) , and a (Fe,Cr) 23 (C,B) 6 carbide (blue dotted rings corresponding to the (3 3 3) and (4 4 8) planes). Grains of two different sizes are observed in the corresponding bright-field STEM image. A summary of the grain size as measured from the STEM images is presented in Table 1 . Small grains have an average size of 4.4 nm while the larger grains can grow up to 30 nm. These two phases continue growing at 620°C, where the smaller particles reach an average size of $10 nm. At the same temperature, a new M 3 (C,B) borocarbide phase appears, as indicated by the green dotted rings corresponding to the (2 0 1) and (2 4 1) planes in the diffraction pattern. The amorphous halo is still observed here as a background signal. At 800°C no traces of the amorphous background were left. Large grains up to 56 nm were observed with smaller particles up to 10 nm embedded in some cases inside the larger grains. Only two phases remain stable at this temperature, the (Fe,Cr) 23 (C,B) 6 carbide and an g-Fe 3 Mo 3 C phase (red dotted rings of the (1 3 3) and (1 5 5) planes).
Structural phase identification may be especially confusing as several signatures in the diffraction pattern overlap for grains with similar crystallography. To confirm the identified phases, high-resolution (HR) TEM analyses were performed over several well oriented crystals. While the main stable phases, M 23 (B,C) 6 and g-Fe 3 Mo 3 C, can be easily identified by several experimental techniques, this is not the case of the intermediate metastable phases. The lower panels (c) of Fig. 2 show high-resolution (HR) TEM images of the intermediate phases found at the lower annealing temperatures of 610 and 620°C. The insets present the corresponding fast Fourier transforms (FFTs) of the structures used to match the observed patterns: v, a-Fe solid solution and M 3 (C,B) phases. Note that the middle image was named a/v, as the main diffracted plains correspond to an a, bcc, solid solution; however, the structure cannot be unambiguously resolved. As the intensity of the signal is low, there is still a possibility that the signatures of the v-phase superlattice are imperceptible due to the high background.
In addition, XRD is a powerful tool for quantitative phase-composition analysis when the Rietveld method is used for data refinement. X-ray diffractograms and the corresponding Rietveld analysis of the crystallized samples are presented in Fig. 3 . After annealing at 610°C, the XRD pattern refinement shows a composite structure of two crystalline phases, (Fe,Cr) 23 (C,B) 6 and the intermetallic v-phase in an amorphous matrix. Although a Rietveld fit using a bcc Cr(Mo) solid solution instead of the v-phase Table 1 Grain size calculated by the Rietveld method from the XRD patterns and measured from the STEM images after annealing. The numbers in parentheses stand for the uncertainty on the last significant digit and the standard deviation for the grain size calculations by Rietveld and TEM analyses, respectively.
Grain size (nm) calculated by the Rietveld method from the XRD data v 14 (5) 14 (5) 12 (2) ---(Fe,Cr) 23 (C,B) 6 5 (1) 8 (3) 10 (2) 13 (4) 17 (3) 33 (5) [32] . A third phase identified as M 3 (C,B) appears after annealing at 620°C and finally, the g-Fe 3 Mo 3 C is detected above 670°C. The M 3 (C, 23 (C,B) 6 and g-Fe 3 Mo 3 C remain stable until the crystallization is completed, with no evidence to suggest that other phases appear at any subsequent time.
The temperature ranges at which each phase is stable are better visualized in Fig. 4 , where the phase mass fraction is plotted against the annealing temperature. In the figure, the section of the bar chart required to sum 100% corresponds to the remaining amorphous phase after annealing at temperatures below 720°C. The dominant phase at each studied temperature is (Fe,Cr) 23 (C,B) 6 , constituting up to 70-76% of the crystallized material. The only analyzed temperature at which all phases coexist is 650°C. The formation of the g-Fe 3 Mo 3 C carbide is then linked to the transformation and disappearance of the intermediate phases. Full crystallization is achieved at $720°C and the microstructure of the alloy above this temperature is composed only by the two (Fe,Cr) 23 (C,B) 6 and g-Fe 3 Mo 3 C carbides in a ratio of 7:3, respectively.
Grain size and lattice parameters calculated by the Rietveld method are presented in Tables 1 and 2 , respectively. The larger changes in the grain growth are observed for the (Fe,Cr) 23 (C,B) 6 phase from 5 to 33 nm and the g-Fe 3 Mo 3 C carbide growing from 10 to 27 nm. In general, the g-Fe 3 Mo 3 C carbide is 20% smaller than the (Fe,Cr) 23 (C,B) 6 one. The opposite behavior is observed for the v-phase, which reduces its size at higher temperatures. XRD results are in agreement with the values measured from the STEM images, although explicit sizes cannot be addressed to a specific phase in this last case.
The lattice parameters of the v-phase remain almost unchanged, see Table 2 . On the other hand, a slow and continuous decrease in the lattice parameters of the (Fe,Cr) 23 (C,B) 6 phase indicates the constant ejection of large elements such as Mo. A larger variation is observed in M 3 (C,B) and g-Fe 3 Mo 3 C, in which a faster increase of this large element in the carbide can explain the enlarged lattice parameters. These findings are correlated with the chemical data, obtained by APT, in the discussion section.
A general view of the APT reconstructions of the annealed alloys is presented in Fig. 5 . The shown iso-concentration surfaces are set to highlight sub-volumes with the highest chemical gradients of the plotted elements. The atomic concentrations obtained from the mass spectra inside these regions and their chemical evolution as a function of the annealing temperature are plotted in In contrast to the homogeneous distribution within the as-quenched amorphous samples, annealing at 550°C leads to the deviation of the statistical solute distribution from the calculated binomial distribution. The performed statistical analyses indicate chemical heterogeneity in the alloy. The most significant deviations were observed in the Fe and Cr elemental distributions with values of chi-square above 20. Despite this chemical redistribution, no signals of crystallization or cluster formation are evident, as can be observed in Fig. 5 . At 620°C localized FeCr-rich regions below 15 nm are formed. These regions correspond to the blue (Fe,Cr) 23 (C,B) 6 and the purple M 3 (C,B) borocarbides. Larger B-depleted regions, depicted in yellow, correspond to the v-phase. The borocarbides grow in size and number and reject Mo atoms to the amorphous matrix. At 650°C the g-Fe 3 Mo 3 C crystalline phase emerges from the Mo-enriched regions. At 670°C the v-phase is no longer observed while the amorphous phase is only faintly noticeable. At the same temperature, regions corresponding to the composition of the M 3 (C,B) were still present in the APT reconstructions, even if this phase was no longer detected by XRD. At 720°C and 800°C only two types of regions are present, namely one enriched with Fe and Cr and the second one enriched with Mo, corresponding to the (Fe,Cr) 23 (C,B) 6 and the g-Fe 3 Mo 3 C phases, respectively. At these temperatures no more traces of the amorphous phase are visible. An important observation is that after annealing at temperatures above 670°C the corresponding FeCr-rich and Mo-rich phases appear in continuous topological arrangements, forming an interconnected network morphology, or in other words, a percolated microstructure.
Indications of a fifth phase were observed at 620°C. Few spherical regions of less than 6 nm in size were isolated in terms of iso-concentration surfaces of 71% FeMo. The calculated composition was 59.4% Fe, 11.09% Cr, 16.90% Mo, 10.74% C and 1.43% B. Similar to the v-phase these particles do not dissolve B in large concentrations but do dissolve a large amount of C; however, their Fe content is $9% higher compared to the v-phase. These regions could hence correspond either to a v-phase with deviating stoichiometry or to a crystals that were also presumably identified by TEM.
The elemental evolution of the found crystallized phases as a function of the annealing temperature is plotted in Fig. 6 . The composition of the v-phase remains practically unchanged with the increase in temperature. By considering only the metallic elements (Fe 60.2%, Cr 18.1%, Mo 21.7%) this phase is close to the stoichiometry of the ternary intermetallic Fe 18 Cr 6 Mo 5 [32] although it dissolves large amount of C, close to the nominal composition of the as-quenched alloy (B is rejected and reduced below a value of 0.1%). The (Fe,Cr) 23 Proximity histograms in Fig. 7 evidence pronounced chemical partitioning and phase boundary segregation of C and B [39] . More diffuse grain boundaries would be expected for the alloys crystallized at low temperatures, such as 620 and 650°C as observed by TEM. For these lower temperatures the chemical gradients between the different phases are progressive and smooth with no accumulation or depletion of the elements at the interfaces, as exemplified for the M 23 (C,B) 6 /M 6 C interface plotted at 650°C (Fig. 7a) . At higher temperatures these chemical gradients become sharper. However, while the temperature increases, C and B accumulate at the interface, as indicated by arrows for the plots at 670°C and 800°C (Fig. 7b and c,  respectively) . Carbon is also highlighted by purple iso-surfaces at 22% in the reconstruction at 800°C (Fig. 7d) . This C buildup is observed at temperatures above 670°C and is not homogeneous over all interfaces, but localized only in a few regions and likely linked to the dissolution of the M 3 (C,B) phase.
Corrosion behavior
The microstructural changes described above were correlated to the corrosion behavior of the alloys. Fig. 8a shows linear sweep voltammetry tests in 0.1 M HCl solution. As shown by our group for a similar case [10] , the results indicate a transition from a passive state limited by transpassive Cr dissolution to an earlier breakdown of the corrosion properties related to transpassive Mo dissolution, depending on the thermal history. The fully amorphous alloy shows a wide passive range with low current density (less than 50 lA cm À2 ) and a breakdown potential near 1.1 V SHE comparable to that of pure Cr. Increasing the annealing temperature to 620°C leads to a moderately larger passive current density and a more pronounced initial dissolution peak compared to the as-quenched material. The sample annealed at 650°C presents a rather pseudopassive polarization curve with a breakdown potential near the fully amorphous state. This transition temperature reflects a severe detrimental effect on the corrosion behavior and is related to the formation of the first Morich nanocrystals. As the annealing temperature further increases above 670°C, the polarization curves show an early material breakdown close to a potential of 0.3 V SHE , considerably lower than for the amorphous state, and the corrosion current curve closely resembles the behavior of pure Mo.
To analyze the corrosion effects close to the breakdown potential, galvanic polarization tests were carried out for 2000 s in 0.1 M HCl. At 620°C a homogeneous, only partially rough, passive surface is observed in the SEM image of the respective cross-section in Fig. 8b . White dashed lines indicate the limit between the original surface and the redeposited material during the cutting process. Etch cavities develop on the surface at 650°C in the Modepleted regions with small penetration into the bulk material (Fig. 8c) . The chemical stability is compromised when Cr is depleted in the percolating Mo-rich phase (Fig. 8d at  800°C ). Selective dissolution can be then sustained originating mesoporosity.
Discussion
The combination of the state-of-the-art analysis obtained by APT and high resolution TEM, together with the quantitative analysis performed by XRD, enables presenting a coherent atomic-scale picture of the crystallization and phase evolution of different regions during annealing. On the other hand, subtle chemical variations, important for corrosion or mechanical performance, can often not be well captured by energy dispersive X-ray spectroscopy (EDX) analyses alone but have to be aided by APT analysis. Devitrification of the studied alloy occurs in a multistep process with the primary crystallization of a Fe-Cr-Mo ternary intermetallic, often referred as s 1 [32] or v phase [33] and a M 23 (C,B) 6 borocarbide. Crystallization studies of Fe-Cr-Mo metallic glasses often report the presence of a-Fe during the first stages of crystallization [40] [41] [42] . In our study, we provide evidence by both TEM and APT of a bcc structure consisting of 59.4% Fe, 11.1% Cr, 16.9% Mo with additional C dissolved in $10.7%. However, this structure cannot be unambiguously assigned to the ordered intermetallic v-phase by XRD since the superlattice reflections were not distinguished from the background in the patterns. As this phase has a mass fraction lower than 11% and the superlattice diffraction peaks have low intensity and may overlap with other second phase peaks, it is difficult to distinguish it by conventional XRD. This bcc solid solution (a-Fe type or ordered intermetallic v-phase) was not detected in samples annealed at a temperature of 650°C or higher. This could indicate that either it had partially dissolved and hence could not be detected in the small volume probed by APT, or it had completely vanished.
The chemical stoichiometry obtained by APT mass spectra and TEM diffraction analyses confirmed the presence of the intermetallic v-phase instead of an a-Fe type solid solution. The v-phase appears as an intermediate ternary phase (Fe 60.3 Cr 18.2 Mo 21.5 ) with a large solubility of C ($14.5%), while the solubility of B is negligible. The lattice parameter of this phase expands from the reported values of the pure ternary intermetallic (8.89 Å ) to $9.083 Å after its formation, related to the large amount of interstitial C atoms. A modest further increase to 9.104 Å close to its decomposition was associated to the small rise in Mo and Fe content. Metastable v phases usually form in Mo containing Fe-Cr alloys, such as duplex stainless steels [43, 44] . From a mechanical perspective the v-phase is undesired since it is a brittle intermetallic that nucleates at grain boundaries during aging. This leads to a reduction in ductility, toughness and intergranular corrosion resistance due to a sensitization effect. As in our case, the v-phase may nucleate at relatively low temperatures (below 610°C) and is subsequently dissolved/transformed into a secondary phase (above 670°C). The higher amount of Mo in this phase compared to the amorphous matrix may suggest that the chemical contrast observed in the dark field STEM image at 550°C (Fig. 2) could be related to nucleation sites for the v-phase.
M 23 (C,B) 6 is formed at the expense of the amorphous matrix also at the lower annealing temperatures and remains stable until full crystallization. This borocarbide corresponds to the majority phase by comprising 71-76% of the crystallized fraction at all studied temperatures. At 800°C this phase contains 52.0% Fe, 19.6% Cr, 9.0% Mo, 12.2% C and 7.2% B. A small progressive decrease in the lattice parameter, from 10.640 Å at 610°C to 10.613 Å at 800°C, is related to the slow rejection rate of 1.6% of Mo atoms from the structure as the temperature rises. The grain size increases about eight times from its formation at 610°C until full crystallization at 800°C. However, as the samples were kept for 20 min in the furnace and were not quenched afterwards to retain the microstructure, kinetic effects were then not considered and specific tests are necessary to assess the diffusional aspects of crystallization, grain growth and further coarsening.
The intermediate M 3 (C,B) borocarbide crystallizes at a few degrees above, i.e. at 620°C. Its composition after formation (36.5% Fe, 26.5% Cr, 10.9% Mo, 19.3% C and 6.8% B) is highly unstable and changes continuously with temperature. M 3 (C,B) nucleates independently from the other phases, and from the APT reconstructions of the samples annealed at 670°C it seems to consume the remaining amorphous phase, where it coexist with the M 23 (C,B) 6 and the later formed g-Fe 3 Mo 3 C phases (see Fig. 5 ). An interface controlled transformation may explain the steep reduction of Cr (4.5%) between 620 and 670°C, as this element would gradually become scarcer in the amorphous matrix. In a similar way, the increase in C (1.1%) and Mo (2.5%) would be related to the enrichment of these elements in the amorphous matrix while the other initially crystallized phases grow. Above 670°C the M 3 (C,B) phase decomposes. APT reconstructions at this temperature show narrowed M 3 (C,B) grains between the M 23 (C,B) 6 ones, which suggests that M 3 (C,B) dissolves or transforms into M 23 (C,B) 6 . Additionally, a similar Cr content is observed in the two phases at 670°C. The 9% excess of C atoms in M 3 (C,B) compared to M 23 (C,B) 6 then would remain at the grain boundaries, explaining the increasing amount of C in the M 23 (C,B) 6 /M 6 C interfaces after annealing above 670°C (Fig. 7) and the Mo excess would diffuse towards the g-Fe 3 Mo 3 C phase particles. The v-phase begins to decompose at the same temperature as g-Fe 3 Mo 3 C appears, namely, at $650°C. The continuous rejection of Mo from the M 3 (C,B) and the formation of the dominant M 23 (C,B) 6 phase both favor the formation of this Mo-rich phase, which is stable also in similar systems although not always easy to identify [40] . At 800°C this phase contains 33.9% Fe, 43.6% Mo, 5.3% Cr, 15.4% C and 1.8% B. Interface diffusion processes lead to a change in the phase composition and g-Fe 3 Mo 3 C rapidly consumes the remaining Mo in the amorphous as well as the transformed M 3 (C,B). The significant increase of Mo from 37.1% to 43.9% enlarges the lattice parameter gradually from 11.017 to 11.065 Å in the 650-800°C temperature range.
The knowledge of the microstructural and chemical information is essential to better understand the performance of the material under specific conditions. Amorphous Fe-based alloys containing more than 6% Cr, as in the case studied here, usually show good corrosion behavior [5] . This is often attributed to the high degree of chemical homogeneity of amorphous alloys, i.e. to a lack of defects and decorated grain boundaries which can act as local elements. The structural and chemical homogeneity of the amorphous phase provides a high amount of passivating elements for the formation of a homogeneous film of chromium oxides and oxihydroxides [5, 45] . As the alloy starts to crystallize Cr-depleted regions form due to partitioning, and these zones are preferentially attacked by corrosion owing to a lack in passivation, as shown in our previous study [10] . With a crystalline fraction below 50% (i.e. 620°C in the studied system) this preferential dissolution leads to a nano-scale roughness of the surface, including Cr-rich crystallites. The respective passive oxide, therefore, needs to overgrow a structurally inhomogeneous substrate. Yet the created rough, partially nano-crystalline surface shows nearly identical breakdown and passive behavior as the amorphous state with an only slightly increased passive current density. The heterogeneous structure has a detrimental effect on the corrosion resistance with advanced partitioning phenomena. The phase separation and crystallization causes formation of Mo-rich zones with Cr in quantities below 6.5%, which will dissolve preferentially. The dissolution process can be blocked in partially crystallized alloys (i.e. 650°C) by the remaining amorphous phase, small crystal sizes and the lack of phase percolation. However, a percolated morphology, as observed at crystallized volume fractions above 80%, enables finally the dissolution throughout the material causing early breakdown of the corrosion resistance. The sensitization process, often responsible for intergranular corrosion, is not observed in this case. Cr-depleted regions are here due to the formation of the stable g-Fe 3 Mo 3 C phase and not related to the formation of Cr-rich carbides with Cr-depletion at the grain boundaries. Nonetheless, it is worth mentioning the much larger amount of C and B considered in our system compared to conventional corrosion resistant steels where sensitization may play an important role. Finally, the preferential dissolution of the g-Fe 3 Mo 3 C phase can be sustained by static polarization generating the formation of mesoporous structures of Fe,Cr-rich carbides with potential applications, for example, in the field catalysis where a large surface-to-volume ratio is required. The resulting morphology is similar to the nanoporous structures obtained by classical dealloying e.g. of noble metal alloys [46, 47] but the process is a selective dissolution of a pre-existing nanoscale dual-phase structure [48] .
Conclusions
The microstructural and detailed chemical changes related to the crystallization and further phase evolution of the Fe 50 Cr 15 Mo 14 C 15 B 6 amorphous steel were followed by XRD-Rietveld, TEM and APT analyses accounting for microstructural and chemical details. Crystallization occurs in a multistep process with the primary crystallization of an intermetallic corresponding to the v-phase and a stable M 23 (C,B) 6 borocarbide. The v-phase and a later formed M 3 (C,B) are intermediate phases that dissolve above 650°C. At the same temperature an g-Fe 3 Mo 3 C carbide appears. The transformation of the v-phase into the g-Fe 3 Mo 3 C and the dissolution of the M 3 (C,B) to form part of the M 23 (C,B) 6 phase are suggested. The final microstructure consist of a dual-phase, M 23 (C,B) 6 /g-Fe 3 Mo 3 C, percolated nanostructure (30-50 nm grain size) with a phase ratio 7:3 respectively. The changes on the elemental composition of all the observed phases are also correlated with their crystal lattice parameters. Devitrification was induced by thermal annealing for 20 min and therefore kinetic parameters were not taken into account in this study. Further analyses to establish the crystallization kinetics, nucleation and growth are advised to complement the phase development presented here.
The corrosion properties were analyzed and interpreted on the basis of the observed microstructures. The initial crystallization of the Cr-rich phases: v, M 23 (C,B) 6 and M 3 (C,B), does not cause a severe deterioration of the corrosion behavior. The later formation of the g-Fe 3 Mo 3 C phase with less than 6% Cr sets a transition from a passive behavior to transpassive Mo dissolution when at least 80% of the alloy has crystallized. Selective dissolution of the Mo-rich phase can be then sustained to form mesoporous structures rich in Cr, Fe and C.
